Background: Debate continues as to whether acute bronchodilator responsiveness (BDR) predicts long-term outcomes in COPD. Furthermore, there is no consensus on a threshold for BDR.
Conclusions: A large proportion of COPD patients demonstrate significant acute BDR. BDR in these patients is variable over time and differs according to the criterion used. BDR status at baseline does not predict long-term response to tiotropium. Assessment of acute BDR should not be used as a decision-making tool when prescribing tiotropium to patients with COPD.
Background
Chronic obstructive pulmonary disease (COPD) is characterized by airflow limitation which is not fully reversible [1] . There has been much interest in whether acute bronchodilator responsiveness (BDR) based on a predefined threshold of a change in forced expiratory volume in the first second (FEV 1 ) is a prognostic factor in COPD [2, 3] . A 1-year trial with tiotropium showed that acute responsiveness was not predictive of whether patients improved clinically [4] . However, whether such responsiveness can predict disease progression or health outcomes beyond 1 year has not been established. Further, the reliability of currently recommended criteria for assessing responsiveness (also referred to as reversibility) differs according to various guidelines. The American Thoracic Society considers a 200 mL and 12% increase from pre-bronchodilator baseline FEV 1 as a positive BDR [5] , while a 15% increase from baseline [6] or 10% increase in normalized FEV 1 is considered positive BDR by other groups [2, 7, 8] .
The Understanding Potential Long-term Improvements in Function with Tiotropium (UPLIFT ® ) trial was a 4-year placebo-controlled clinical trial evaluating the long-term effects of tiotropium 18 mcg daily on lung function, exacerbations, health-related quality of life and mortality in a large group of patients with COPD [9, 10] . Spirometry was performed before and after administration of short-acting bronchodilators (ipratropium bromide and albuterol) at baseline and during follow-up visits every 6 months throughout the 4-year duration of the study [11] . In addition to lung function data, the study collected information on health-related quality of life, COPD exacerbations and mortality. Therefore, the UPLIFT study provided a unique opportunity to examine several aspects of the BDR in a large cohort of patients with COPD. Data describing the acute bronchodilator response at baseline from the UPLIFT trial were previously published (11) . In this study, we further evaluate the acute bronchodilator response over the four years of the trial.
Methods

Study design
The UPLIFT study details have previously been reported and are briefly summarized in the subsequent paragraphs [9, 10] . The present study was performed to examine: a) the prevalence of significant acute BDR using three predefined criteria in a large cohort of COPD; b) the predictive ability of baseline BDR on lung function and health outcomes over four years, and c) the variability of acute BDR over four years.
Patients
Patients were recruited from 490 investigational sites in 37 countries. They were eligible for inclusion if they had a diagnosis of COPD, were aged ≥40 years with a smoking history of at least 10 pack-years, had post-bronchodilator FEV 1 ≤70% of predicted, and FEV 1 to forced vital capacity (FVC) ratio of <0.70. Patients were excluded from participating if they had history of asthma, COPD exacerbation, or respiratory infection within 4 weeks of screening, prior pulmonary resection, were using supplemental oxygen for >12 hours per day, or had significant disease other than COPD that might influence the study results or ability to participate. Patients were permitted to use all respiratory medications (excluding other inhaled anticholinergics) throughout the trial.
Assessments
Pre-and post-bronchodilator spirometry was performed prior to and after four inhalations of ipratropium (total = 80 mcg) followed 60 minutes later by four inhalations of albuterol (total = 400 mcg). Post-bronchodilator spirometry was performed 30 minutes after inhalation of albuterol. At clinic visits following randomization, study drug was administered immediately prior to administration of short-acting bronchodilators. Medication washout requirements included withholding short-and long-acting β-agonists (for ≥8 and ≥12 hours, respectively), shortand long-acting theophylline preparations (for ≥24 and ≥48 hours, respectively) and antileukotrienes (for ≥48 hours), prior to spirometry. Patients were discouraged from smoking during the study visit and were not permitted to smoke within 30 minutes of spirometry. Patients' self-report was relied upon regarding their adherence to these restrictions, as is routinely the case in clinical trials.
Spirometry and the St. George's Respiratory Questionnaire (SGRQ) [12] were performed every 6 months throughout the trial. Additionally, spirometry was performed 30 days after randomization and requested 30 days after the last dose of study medication. Information on exacerbations, exacerbations leading to hospitalization, and adverse events was collected at all clinic visits. Mortality was analyzed based on fatal events occurring during treatment until 1470 days from randomization.
Statistical methods
Data from all randomized patients with acceptable preand post-bronchodilator measurements at baseline were included in this analysis. Patients were split according to initial FEV 1 response to short-acting inhaled bronchodilators as previously described, based on three standard criteria: ≥12% and ≥200 mL improvement over baseline (referred to as criterion A); ≥15% increase over baseline (referred to as criterion B); and ≥10 unit (%) absolute increase in the percent predicted value (referred to as criterion C). Changes in FEV 1 , FVC, and SGRQ total score were analyzed using a mixed models repeated measurements (MMRM) analysis of variance approach, which included adjustment for baseline measurement values. Numbers of exacerbations were estimated using Poisson regression, with adjustment for overdispersion and treatment exposure. For decline in lung function, data sets were restricted to patients with at least three post-randomization spirometry test sets. Cox regression was used to calculate hazard ratios for analyses of time to first exacerbation and for mortality.
Results
Study population
Baseline demographic data for the full UPLIFT ® cohort have been previously reported [10] . A total of 5992 patients were randomized and received study medication in the UPLIFT ® study. Of these patients, 5783 patients had bronchodilator responsiveness data at baseline, allowing them to be included in the present analysis. The mean age (SD) was 64 (8) years with 75% being male and 30% being current smokers. Mean (SD) prebronchodilator FEV 1 was 1.10 (0.40) L (39.4 [12. 0]% predicted). Mean post-bronchodilator FEV 1 (SD) was 1.33 (0.44) L (47.6 [12. 7]% predicted). Patients' demographics and baseline characteristics were similar when classified according to BDR criteria A, B, and C except for baseline SGRQ total score, which indicated worse healthrelated quality of life for nonresponders for patients meeting criteria A and C (Table 1) . Pre-bronchodilator FEV 1 was highest in criterion B nonresponders and lowest in the corresponding responders ( Table 2) . Mean COPD duration (years) 10.1 ± 7.7 9.8 ± 7.7 9.7 ± 7.5 9.6 ± 7.0 9.9 ± 7.6 9.7 ± 7.5 9.9 ± 7.5 9.7 ± 7.3 10.1 ± 7.7 9.7 ± 7.5 9.6 ± 7.4 9. Data expressed as either proportions or mean ± SD. Tio = tiotropium; LABA = long-acting β-acting agonist; ICS = inhaled corticosteroid; SGRQ = St. George's Respiratory Questionnaire; GOLD = Global Initiative for Chronic Obstructive Lung Disease. *baseline maintenance inhaled respiratory medication. 
Bronchodilator responsiveness
A total of 52%, 66%, and 39% of patients exceeded the thresholds for responsiveness defined by criteria A, B, and C at baseline, respectively ( Table 3 ). The percent of patients labeled as responsive diminished with increasing Global Initiative for Chronic Obstructive Lung Disease (GOLD) stage of severity only when criterion A or C was used (Table 3 ). Figure 1 demonstrates the frequency distribution of BDR with repeated testing using the three criteria in patients randomized to the placebo arm and in whom spirometry was performed at every visit. Analysis of frequency of BDR was restricted to the 1411 patients with full data in the placebo group as bronchodilation due to tiotropium exceeds 24 hours and a full washout prior to clinic visits was not appropriate for the study. A minority of these patients failed to show BDR at any clinic visit (9% for criterion A, 4% for criterion B, and 19% for criterion C). In contrast, some of these patients demonstrated BDR at every clinic visit (12% for criterion A, 19% for criterion B, and 6% for criterion C). Approximately 60%, 73%, and 40% of patients who completed all visits in the placebo group were considered to have BDR on ≥50% of visits according to criteria A, B, and C, respectively.
Lung function
The mean annualized rate of decline in FEV 1 was similar among the different threshold criteria and was not influenced by treatment assignment (Table 4) . Pre-and post-bronchodilator lung function (FEV 1 , FVC) improved significantly with tiotropium (p < 0.001 versus placebo for all comparisons), irrespective of whether there was a positive baseline BDR using any of the criteria (Table 4) . Furthermore, the degree of improvement in FEV 1 and FVC was similar or greater in responsive compared to poorly responsive patients.
Health-related quality of life
Baseline SGRQ were similar between the responsive and poorly responsive patients regardless of the criteria of BDR used (Table 1) . Differences in SGRQ total score indicated statistically significant improvements with tiotropium versus placebo in both responsive and poorly Figure 1 Proportion of patients who demonstrated bronchodilator responsiveness by number of clinic visits according to criteria A, B, and C. The histograms on the most left (0) reflect percent of patients who never met the criteria for responsiveness while the ones on the most right (10) reflect the subjects who on all the 10 occasions of testing met the reversibility criteria. Population restricted to the patients randomized to placebo group and who had spirometry performed at all 10 spirometry clinic visits. responsive groups, regardless of criterion used (Figure 2 , p < 0.001 for all comparisons).
COPD exacerbations
Risk of an exacerbation over the entire trial was reduced with tiotropium in both the responsive and poorly responsive groups at baseline regardless of the BDR criteria. Furthermore, in poorly responsive patients at baseline, tiotropium was associated with significantly fewer exacerbations compared with placebo (p < 0.005, Table 5 ). The criterion used did not appear to influence the risk or mean number of exacerbations during the trial.
All-cause mortality
The hazard ratio for a fatal event (tiotropium relative to the placebo group) was similar in responsive and poorly responsive patients regardless of criteria used. However, poorly responsive patients showed a tendency to higher all-cause mortality regardless of the responsiveness definition used (Table 6 ).
Discussion
Data from the UPLIFT trial demonstrated that the presence or absence of achieving a pre-defined threshold for increases in FEV 1 after single occasion administration of maximal doses of short-acting bronchodilators in COPD patients (BDR) does not influence whether or not patients will attain long-term improvements in lung function and health-related quality of life along with a reduced risk for exacerbations with tiotropium treatment. Furthermore, the absence of acute BDR at one occasion does not preclude demonstration of BDR on another occasion. Only a small minority (<20%) of the placebo patients who were tested at every visit throughout the trial remained nonresponsive (i.e. did not increase beyond a pre-defined threshold for responsiveness). Finally, the proportion of patients who have BDR was somewhat dependent on the threshold used to define responsiveness. Bronchodilator responsiveness testing is routinely performed in clinical practice and research studies in patients with COPD. Response to tiotropium compared to placebo was not affected by responsiveness to shortacting bronchodilators at baseline regardless of the definition used and supports findings from an earlier publication of a 1-year trial [4] . The observations have important implications in pharmacotherapy of stable COPD and suggest that assessment of acute BDR using a predefined threshold should not be used as a decision-making tool when prescribing tiotropium for patients with COPD. The data and conclusions also confirm previous reports with other COPD treatments [13, 14] .
COPD is defined as a disease characterized by partially reversible airflow limitation. Responsiveness (or reversibility) criteria vary among various professional societies. Advantages and disadvantages of using any of the proposed criteria have been extensively discussed in the literature. To summarize, published reports suggest that a 12 to 15% increase in FEV 1 compared to baseline exceeds normal within-subject variability and response to placebo inhalation [15, 16] . However, a low baseline FEV 1 may produce a high percent improvement from baseline with only a small absolute improvement. Thus using an absolute volume increase has been considered relevant. A threshold of 200 mL has traditionally been used, although this stems from the asthma literature since a change of 100 to 150 mL in FEV 1 in COPD is usually considered clinically significant as it exceeds the minimal clinical significant difference [17] . Additional data from Herpel et al. support the use of minimal absolute volume change as a criterion [18] . An additional consideration is the use of lung volumes such as inspiratory capacity and FVC in response to bronchodilators in COPD as volume changes may be more pronounced and may correlate more with clinical outcomes than a change in FEV 1 [19, 21] .
A unique characteristic of the UPLIFT data is the repeated spirometry with acute bronchodilator testing over 10 sessions in 4 years. Upon examining the data from patients in the placebo group who had spirometry at every visit, it is apparent that there is a wide variability in the occurrence of BDR with serial spirometry, which is consistent with data previously described in other studies [22] . Among the three criteria used, criterion B classified the highest percentage of patients as always responsive, while criterion C identified highest percentages of patients as always nonresponsive. Further, as severity of COPD increased, the percent of responsive patients decreased when criterion A or C was used, while it did not change appreciably with criterion B. The differences among the thresholds again highlight the influence of inclusion of absolute volume changes. However, the more important finding is the confirmation that measurement of BDR varies with time and a one-time measurement has limited importance in the management of COPD patients.
The predictive value of achieving BDR based on predefined thresholds as a marker distinguishing patients who will have long-term positive outcomes with pharmacotherapy in COPD has been a matter of debate. Bronchodilator responsiveness grouping according to various definitions may be associated with somewhat different magnitudes of responses but the results presented here from the 4-year UPLIFT trial confirm and extend findings from previous studies that the absence of BDR does not preclude a long-term clinical response [4, 13, 14] . This suggests that the predictive ability of BDR testing using a pre-determined threshold is limited. The present study demonstrated that all-cause mortality tends to be lower in responsive patients than those who did not have any BDR at baseline. This difference was most pronounced when criterion A or C was used (Table 5 ). This is in contrast to data from Hansen and colleagues who studied a large cohort of patients with COPD followed for an average of 11.2 years and showed that bronchodilator responsiveness did not predict mortality when the best post-bronchodilator baseline FEV 1 was used in the model [23] .
In addition to the criterion of BDR used, other factors may influence the presence or absence of BDR when spirometry is performed. One such factor includes the dose and type of short-acting bronchodilator used to test BDR. Traditionally, two to four inhalations of albuterol are used with post-bronchodilator testing performed 10 to 20 minutes post-treatment. However, some patients with COPD may not respond to albuterol while they may show response to shortacting anticholinergic agents such as ipratropium bromide [24] . It is important to note that our protocol in this study was more aggressive that the one used in the usual clinical settings as we measured responsiveness to two bronchodilators with different mechanisms of action; albuterol and ipratropium bromide. We also sought to maximize the potential bronchodilator response in this study using both agents in higher than standard dosing. Pre-and postbronchodilator spirometry was performed prior to and after inhalation of ipratropium 80 mcg followed 60 minutes later by albuterol 400 mcg. Post-bronchodilator spirometry was performed 30 minutes after inhalation of albuterol (90 minutes after ipratropium); this tended to optimize the timing to coincide with the expected peak action of each of these short-acting bronchodilators. This technique has not been utilized by any of the previously published studies evaluating BDR in COPD. One limitation to our study is that we could only accurately measure serial acute bronchodilator responses in the placebo group due to the prolonged half-life of tiotropium, which would require a washout over several weeks. Such a washout was not feasible within the context of the UPLIFT study. Nevertheless, the placebo group still provided a large subcohort of patients in whom serial bronchodilator responses could be measured. Another limitation of long-term intervention studies in COPD is the number of prematurely discontinued patients who do not have spirometry, exacerbation, or SGRQ measurements after discontinuation from the study. However, one of the strengths of the UPLIFT study is the size and duration of the study that still provides substantial data. Additionally, while not fully compensating, statistical techniques used in the analysis do consider the issue of premature discontinuation. Finally, spirometry was not measured after albuterol alone, which limits the comparison to previous studies; however, a more important issue is the possible impact of responsiveness on changes in lung function after pharmacologic intervention. Therefore, the study is unique and provides a more comprehensive understanding of the achievable lung function improvements and the implications for therapy.
Conclusion
In summary, the 4-year data from the UPLIFT trial demonstrate that the majority of patients with COPD had a variable occurrence of exceeding pre-defined thresholds of acute responses to short-acting bronchodilators when tested repeatedly over 4 years and only a small minority (<20%) failed to show a significant response on at least one occasion according to any threshold criterion. Furthermore, treatment with tiotropium improved lung function, improved health-related quality of life, and reduced exacerbations in COPD patients irrespective of their baseline acute bronchodilator response (BDR) and irrespective of the threshold criterion used for defining responsiveness. These findings indicate that acute bronchodilator responsiveness testing as measured in this study should not be used in predicting long term health outcomes and response to tiotropium in patients with COPD.
